CuFeO 2 single crystals up to 50 mm in length and up to 10 mm in diameter were grown by the optical floating-zone method. Stoichiometric polycrystalline rods with a diameter of 6-12 mm were used as feed materials to produce crystals of sufficient size to be used as substrates for the growth of thin films of delafossites.
Introduction
While examining the mineralogical collection of theÉcole Nationale des Mines in Paris, Charles Friedel found an artifact claimed to be "Graphite The excellent properties exhibited by delafossites, including a mean-free path of about 20µm at low temperature in PdCoO 2 , [5] invites the growth of delafossite heterostructures. In such heterostructures bandgap engineering [14] , strain engineering [15] , symmetry breaking and other thin-film approaches could be applied to modify the properties of delafossites as has become commonplace for other oxides [16] . Unfortunately, there are no commercially available delafossite substrates.
So far, epitaxial layers have mainly been grown on sapphire substrates [17, 18, 19] -unfortunately with significantly degraded quality resulting from the not well matched crystallographic lattice of sapphire (R3c, a = 4.7602Å, c = 12.9933Å [20] ) and PdCoO 2 (R3m a = 2.830Å, c = 17.743Å [6] ). The resulting delafossite films contain in-plane rotation twins and other defects that result in the best of today's PdCoO 2 films [17] having resistivities at room temperature 1.8 times higher than PdCoO 2 single crystals [21] and 145 times higher resistivities at 4 K. For the growth of high quality epitaxial layers, isostructural single crystalline substrates with similar lattice constants are required.
The aim of this work is to grow relatively large delafossite crystals that in subsequent studies can be used as substrates for the growth of high quality delafossite films. According to the structural parameters, CuAlO 2 (R3m, a = 2.8571Å, c = 16.940Å [4] ) would be the most suitable substrate material for PdCoO 2 . Unfortunately, the melt growth of bulk CuAlO 2 crystals with sufficient size is impossible, because the substance melts peritectically under the formation of solid Al 2 O 3 and the growth window (= CuAlO 2 liquidus) between the peritectic and eutectic points is too small [22, 23] . The melting points of iron is the only delafossite compound, that has already be grown with reasonable quality in diameters up to 5-8 mm by the optical floating zone (OFZ) technique [25, 27, 28] .
So far CuFeO 2 single crystals have been grown from stoichiometric sintered rods by the OFZ technique. Our prior thermodynamic investigations have shown that growth methods involving crucibles are unsuitable as the aggressive copper melt attacks all crucible materials [22] . In addition to pure CuFeO 2 , [26] . For CuCr 1−x Al x O 2 it was shown that solid solution formation with mixed occupancy on the B-site seems to stabilize the delafossite phase thermodynamically [29] , but CuFeO 2 with high (≈ 30%) Al 3+ content only grew in polycrystalline form, presumably as a result of severe segregation in the CuFeO 2 -CuAlO 2 solid solution system. The present work focuses on the growth of pure CuFeO 2 with sufficient size and perfection to be useful for delafossite substrates. We show that the oxygen fugacity p O2 in the gas phase acts on the equilibria between the relevant oxidation states of copper (+2, +1, 0) and iron (+3, +2) -which then influences the crystallization behavior of delafossites.
Experimental
Growth experiments were carried out in an OFZ furnace from Crystal System Corporation (type FZ-T-10000-H-VII-VPO-PC). The equipment has a fourmirror setup with 1000 W or 1500 W halogen lamps and a fused silica protection tube. An argon flow of 0.3 l min −1 with 5N purity and total pressure of 1 atm was used as the growth atmosphere, to stabilize the CuFeO 2 phase [23] . The seed and feed rods were rotated at 15 rpm in opposite directions, and pulling rates between 0.4 and 1.1 mm h −1 were employed. Due to the incongruent melting, the lamp power was decreased slowly during the first 5-10 h of the experiments.
To prepare the rods, vacuum-dried powders of Cu 2 O (Fox Chemicals, 4N purity) and Fe 2 O 3 (Alfa Aesar, 4N8 purity) in 1:1 molar ratio were mixed and sintered for 25 h at 900 • C in 1 atm of argon. XRD powder analysis confirmed that a pure delafossite phase resulted from this annealing process. Following grinding of the sintered CuFeO 2 , the powder was compacted in a plastic bag and pressed for 3 min at 2 kbar at room temperature in a cold isostatic press from Engineered Pressure International NV, Belgium. To increase the density, the pressed block was again sintered for 8 h at 900 • C in argon. Rods with diameters of 6, 8 and 12 mm and 120 mm length were drilled out of the sintered blocks with a core drill. The density of the rods was 70-80% of the theoretical value. The grown crystals were characterized by X-ray diffraction (XRD), energy-dispersive Laue mappings (EDLM) and X-ray fluorescence (XRF) spectroscopy. The latter were performed using a µ-XRF spectrometer M4 Tornado (Bruker). Laue method was used to orient the crystals and prepare planar substrates oriented perpendicular to the c-axis.
Results
Five growth experiments were performed that are summarized in Table 1 .
In order to optimize the quality and size of the crystals, the diameter of the polycrystalline source rods was increased and the growth rate was reduced in the later growth experiments. Due to the incongruent melting of the compound, slow growth rates < 0.4 mm h −1 are preferable and gave the best results. In addition, lower growth rates facilitate the transport of oxygen gas from the environment to the growth interface to oxidize the iron (Fe 2+ → Fe 3+ ), as is discussed in the next section. Higher growth rates lead to polycrystalline growth, and the crystal orientation during the growth experiment often changes. At low growth rate the c axis is the prevailing growth direction. Occasional changes in growth orientation are clearly visible on the crystal surface of the grown rod because the (001) planes of the delafossite are shiny and the others appear dull.
This means that a crystal that is grown along [001] should not have a shiny lateral surface. In contrast to recent observations during the growth of CuLaO 2 delafossite in pure argon [30] , no outer ring containing Cu 2+ was observed in our experiments with CuFeO 2 . Fig. 1 shows a rod that was grown with a high growth rate of 1.1 mm h −1 .
In order to visualize the single crystalline regions and composition, the rod was sawn along its axis and investigated by EDLM. Elemental maps of the cross sections revealed a composition close to the stoichiometric of the grown material. Spatial mapping of a Bragg peak (EDLM), showed that only the tail end of the grown rod is a single crystal [31] . The reduction of the growth rate to 0.55 mm h −1 and then to 0.4 mm h −1 resulted in significantly better crystal quality ( Fig. 2a ) and b), respectively).
With a growth rate of 0.4 mm h −1 , the change in crystal orientation during the growth process could be avoided. Even though the c-axis is slightly tilted with respect to the growth direction (part of the lateral surface is shiny), the longest delafossite single crystal known to date was grown.
The handling of larger diameters ≥ 10 mm is more difficult because the sur-b) a) growth direction face tension of the larger melt zone is less stable, resulting in overflow (Fig. 3a) ).
Stable growth became possible if the diameter of the growing rod did not exceed 10 mm. Fig. 3b ) shows the separated single crystalline part of the grown rod, which is homogeneous without any shiny (001) planes on the surface. This part has a size of 10 mm in diameter and 23 mm in length. Laue measurements at both cutting ends confirmed the segment of the rod to be a single crystal grown along the c-axis without any tilting. The crystal that was grown at a rate of 0.4 mm h −1 will be used as substrate material for the growth of PdCoO 2 films by molecular-beam epitaxy.
Discussion
Like other delafossites, CuFeO 2 is known to melt incongruently. This means the solid (with Cu:Fe = 1:1) is not in equilibrium with a liquid of the same composition. Typically the melting behavior is described to be peritectic, which means that upon heating in addition to melt with different composition some higher melting solid phase is formed. For CuAlO 2 , α-Al 2 O 3 is the higher melting phase, and in some recent publications Fe 2 O 3 is claimed to play this role for CuFeO 2 [25, 26] . This assumption is, however, incorrect because Fe 2 O 3 decomposes to Fe 3 O 4 and cannot be treated as a stable component of the system.
Instead Cu, Fe and O 2 should be chosen as system components, see e.g. Fig. 1 in Ref. [23] .
More detailed FactSage [24] calculations of the melting behavior of the Cu-Fe-O system are shown in Fig. 4 . In the left phase diagram a fixed copper concentration of 52 mol-% is assumed, which is only a small Cu excess over Fe.
On the right rim a "melt" phase field exists were the whole system forms a single (For high p O2 or high Cu excess the spinel Cu + Fe 3+ 2 O 4 can also crystallize first.) The primary crystallization of iron oxide from Cu:Fe=1:1 mixtures was also observed experimentally ( Fig. 1 ) and depletes the melt of iron.
A thermodynamic assessment of the complete Cu-Fe-O system is beyond the scope of this paper. Such assessments have been provided by Khvan et al. [32] and more recently by Shishin et al. [33] . Irrespective of differences in the models that are used by these authors, they agree on several key points that are relevant for the current crystal growth experiments. First, at temperatures between 1100-1400 K the delafossite CuFeO 2 is stable only for medium oxygen fugacities ≈ 10 −7 − 10 −1 bar, which overlaps well with the experimental conditions of this study. Second, the melt consists basically of Cu + , Cu 2+ , Fe 2+ , Fe 3+ and O 2− .
Minor amounts of Cu 0 and Fe 0 are present for metal-rich melts. Cu 3+ , which was reported under very high oxygen pressure [34] , can be neglected under the growth conditions we use in this study.
The authors of reference [33] include several of the authors of the FactSage [24] thermodynamic system, and consequently the FactSage calculations that are used in the present paper are in good agreement with both prior assessments [32, 33] -except the circumstance that FactSage so far contains no data for Cu 2+ (CuO) in the melt. Nevertheless, under the growth conditions for CuFeO 2 the CuO content was found to be low, < 10% [2] , which agrees well with the literature (see Fig. 16 in Ref. [33] ). Consequently, these current FactSage calculations give a realistic description of the growth experiments.
The "CuFeO 2 +melt" phase field has no connection to "melt" because the delafossite melts peritectically. Depletion of the melt by iron, however, shifts the Cu:Fe ratio towards larger values. In Fig. 4b) Note that the oxygen fugacity log 10 [p(O 2 )/bar] = −3 used for the calculation of Fig. 5 is expected to be close to the true conditions used in the crystal growth experiments. In the ideal case, one can assume that 5N (99.999%) Ar contains oxygen background impurities around 2 × 10 −6 bar, which sets a lower boundary on the oxygen partial pressure used during growth [35] . The leaks in the growth chamber and out-gassing of chemicals and constructed parts will further increase the oxygen level. But even if the estimated oxygen fugacity is incorrect by one or two orders of magnitude, or if the database and our own thermodynamic values [2, 24] that were used for the calculation of Figs. 4 and 5 would be somewhat erroneous, the general topology is not significantly changed. Hence, these figures are expected to give a realistic model. Copper can exist in the melt with oxidation states +2, +1 and 0, as shown in Fig. 6 of [22] , but with recent thermodynamic data for copper oxide melts [2] one finds that, under the conditions of CuFeO 2 growth, > 90% of the copper atoms are Cu + , which is the same valency as in the solid.
The importance of the gas phase to the crystal growth process is not restricted to the delafossite CuFeO 2 ; during the growth of the delafossite CuAlO 2 , the gas phase is also significantly involved. Fig. 4 in our recent paper [22] shows DTA/TG heating curves for several Cu 2 O-Al 2 O 3 mixtures, and the peritectic melting of CuAlO 2 can clearly be seen as an endothermic peak near 1230 − 1250 • C for the samples with 6% and 10% Al 2 O 3 . The melting peak is always accompanied by a small mass gain. If Cu + Al 3+ O 2 melts, Al 3+ maintains its oxidation state. Cu + is partially oxidized to Cu 2+ because a deep eutectic (ca. 150 K below the congruent melting point of pure Cu 2 O) appears between Cu 2 O and CuO where the melt is entropically stabilized [34] . This means that upon cooling to achieve crystal growth, CuO must be partially reduced to Cu 2 O, releasing free oxygen. Beyond the unfavorable position of the peritectic and eutectic points in this system, the permanent production of free oxygen at the phase boundary is detrimental to crystal growth. This is in contrast to the Cu-Fe-O system described here, because the necessary oxidation of Fe 2+ to Fe 3+ can be performed without the formation of gas. For the growth of CuFeO 2 the oxygen production that would result from Cu 2+ → Cu + reduction is likely compensated by the Fe 2+ → Fe 3+ oxidation. Indeed, during DTA/TG experiments, no mass change is observed during melting or crystallization, because the O 2 exchange with the atmosphere is insignificant. Another potential explanation for the lack of mass change could be the partial incorporation of Cu 2+ into the delafossite structure, which was observed e.g., for LaCuO 2.5+x and YCuO 2.5+x delafossites [36] . A significantly different oxidation behavior of Cu + B 3+ O 2 delafossites for different B 3+ ions was reported elsewhere [37] .
Conclusions
Using the OFZ technique single crystals of CuFeO 2 with diameters up to 10 mm are grown. These are the largest synthetic delafossite single crystals ever grown and have sufficient size and quality for the preparation of wafers for the epitaxial deposition of thin films of other functional delafossites. The growth is performed from stoichiometric rods prepared from 1:1 (molar) mixtures of Cu 2 O and Fe 2 O 3 in an argon atmosphere. The melting behavior of CuFeO 2 is almost peritectic, by which we mean that the material CuFeO 2 crystallizes from a melt that is enriched in Cu 2 O/CuO. A low but significant oxygen fugacity (≈ 1 mbar) must be available in the growth atmosphere to oxidize Fe 2+ , which is partially present in the melt, to Fe 3+ which is incorporated into the growing CuFeO 2 crystal. Hence, the melting behavior of CuFeO 2 is not simply peritectic (which would mean that two solid phases are in equilibrium with the melt). Rather the gas phase is also involved in the crystallization process, which makes crystal growth more complex and requires comparably low growth rates (cf. Table 1 ).
